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The unwinding of DNA strands is essential for the replication and transcription machinery to gain access to the DNA template. However, this vital process invariably generates torsional stress (a force generated by twisting) and changes in the topology of DNA. For example, the unwinding of DNA to form a negatively supercoiled structure incurs concomitant overwinding (also known as positive supercoiling) elsewhere in the DNA molecule, which can profoundly disrupt the transcription of genes in those regions 1, 2 . During DNA replication, there is also a risk that DNA may become concatenated (generating interlocked circles of DNA), resulting in tangled or knotted DNA that, unless corrected, can lead to DNA damage and defective chromosomal segregation [3] [4] [5] [6] . Thus, the regulation of torsional stress or entanglement during DNA replication and transcription is essential for cellular homeostasis. This regulation is achieved by the concerted action of multiple topoisomerases. In this Progress article, I discuss recent studies that have broadened our understanding of how topoisomerase function contributes to neural homeostasis in the nervous system and show how these enzymes coordinate many facets of brain health.
or double-strand break, respectively, into the DNA 5, 9, 14 . All topoisomerases are important during organismal development and maintenance: TOP2α and TOP3α are essential for DNA replication [20] [21] [22] , TOP2β and TOP3β are required for transcriptional modulation in differentiated cells 18, [23] [24] [25] , and TOP1 is necessary for both processes 6, 22, 23 . SPO11 is a germ cell-specific topoisomerase that is involved in meiosis 26 , whereas TOP1mt functions during mitochondrial DNA replication to ensure organelle homeostasis 27, 28 . Catalytic mechanism. Although there are many topoisomerases, there is a common theme in the way in which they function: they all contain an active-site tyrosine that covalently attaches to DNA and, in doing so, creates a strand break. This occurs as a result of a nucleophilic attack by the active-site tyrosine of the topoisomerase on the phosphodiester bond of DNA, generating a strand scission and a reversible enzyme-DNA covalent linkage 5 . This results in a 3ʹ phosphate-linked product in the case of TOP1 or in a 5ʹ phosphate-linked product in the case of TOP2 (FIG. 2) . Features other than the catalytic domain of the protein regulate enzyme activity. For instance, TOP2α and TOP2β exhibit structural similarity around their active sites but contain distinct carboxy-terminal regions, which are important for controlling their specific functions in replicating versus non-replicating cells 29 . Recently, TOP3β was unexpectedly shown to have RNA topoisomerase activity 19 . TOP3β was shown to bind mRNA and, importantly, to directly catalyse topoisomerase reactions on RNA substrates. This suggests that there is also a need for torsional-stress control during biologic processes involving RNA, such as translation. Finally, topoisomerases are also important for the replication and transcription of the 16-kilobase (kb) mitochondrial genome. In mammals, this role is performed by TOP1mt Biologic roles. Studies that have generated transgenic mouse models of topoisomerase dysfunction have shown that these enzymes Basic topoisomerase biology Topoisomerases are remarkable enzymatic machines that exert exquisite control over DNA topology to regulate essential genomic functions [5] [6] [7] [8] [9] . Topoisomerases introduce transient DNA breaks that relax positively supercoiled DNA to facilitate replication and transcription 5, 6, [10] [11] [12] . Topoisomerases also help to protect the cell against a range of potential DNA lesions that can affect cellular function, such as replication-associated damage or the formation of R loops (RNA-DNA hybrids that are associated with an unannealed DNA single strand) during transcription 5, 6, 8, 9, 13, 14 . These crucial roles suggest that abnormal topoisomerase activity could be a potential catastrophe for cellular homeostasis. Indeed, aberrant topoisomerase activity is linked to multiple human syndromes [15] [16] [17] [18] [19] .
Mammalian topoisomerases.
Mammalian topoisomerases comprise seven distinct enzymes: DNA topoisomerase 1 (TOP1), mitochondrial TOP1 (TOP1mt), TOP2α, TOP2β, TOP3α, TOP3β and the meiotic recombination protein SPO11 (FIG. 1) . These enzymes are categorized as type I (TOP1, TOP1mt, TOP3α and TOP3β) or type II (TOP2α, TOP2β and SPO11) topoisomerases, depending on whether they introduce a transient single-strand Abstract | Topoisomerases are unique enzymes that regulate torsional stress in DNA to enable essential genome functions, including DNA replication and transcription. Although all cells in an organism require topoisomerases to maintain normal function, the nervous system in particular shows a vital need for these enzymes. Indeed, a range of inherited human neurologic syndromes, including neurodegeneration, schizophrenia and intellectual impairment, are associated with aberrant topoisomerase function. Much remains unknown regarding the tissue-specific function of neural topoisomerases or the connections between these enzymes and disease aetiology. Precisely how topoisomerases regulate genome dynamics within the nervous system is therefore a crucial research question. [20] [21] [22] . Tοp2b inactivation results in perinatal death due to respiratory distress caused by diaphragm-innervation defects 32 , whereas Tοp3b-null mice develop to maturity but show widespread inflammation and have a shortened lifespan 33 . This phenotypic spectrum suggests specific physiological roles for the respective topoisomerases; TOP1, TOP2α and TOP3α are important during replication, whereas TOP2β and TOP3β have specialized roles during tissue formation. Inactivation of Top1mt is compatible with viability, and TOP1mt-deficient mice are relatively normal unless challenged with stress that requires enhanced mitochondrial functions 34 . Consistent with its specific role in meiosis, Spo11 inactivation results in viable, but infertile mice (reviewed in REF. 26 ).
Abortive activity. Although intrinsic topoisomerase function is crucial for DNA replication and transcription, it also Neural topoisomerase function Although the basic enzymatic function of topoisomerases in neural cells is likely to be similar to that in non-neural cells, there are particular aspects of the nervous system that require special consideration. For instance, the nervous system possesses some unique properties pertinent to genome integrity that set it apart, including the high metabolic demands and oxygen consumption, which result in increased oxidative DNA damage 16 . Additionally, the dependence of the nervous system on neuronal synaptic function necessitates the expression of long genes, the transcription of which particularly requires topoisomerase function 46 . The specific requirements for neural topoisomerases during neurogenesis, when regulation of proliferation is crucial, are different from those in the mature brain, where regulation of transcription is paramount. Indeed, the shift from neurogenesis to differentiation and maturation can coincide with changes in the relative expression of topoisomerase isoforms. For instance, in the rat cerebellum, a defined transition from TOP2α to TOP2β expression is observed as granule neuron precursors differentiate 47 . poses a risk for the cell. Any perturbations of DNA-strand cleavage can result in an abortive reaction in which the topoisomerase becomes covalently trapped on the DNA in a manner that is potentially catastrophic for a cell 9 . When this occurs, the DNA break that is induced by the topoisomerase becomes persistent, rather than transient, and is signalled as DNA damage. As is the case for other types of DNA damage, this initiates an elaborate DNA damage-signalling response 16, 35 . To alleviate the DNA damage generated by abortive topoisomerase activity, specialized repair enzymes release the remaining topoisomerase peptides covalently bound to the DNA (after proteasomemediated degradation of the trapped topoisomerase 36, 37 ) before the breaks are repaired by the general DNA-repair machinery 16, [38] [39] [40] . Two tyrosyl-DNA phosphodiesterases, TDP1 and TDP2, release DNA from a trapped topoisomerase after abortive TOP1 or TOP2 activity, respectively 38, [40] [41] [42] [43] [44] (FIG. 2) . Failure of TDP1 or TDP2 activity therefore leads to DNA-damage accumulation that can affect cellular function, and such deficits are known to result in neurologic diseases [15] [16] [17] 35, 45 . Figure 1 | Mammalian topoisomerases. The individual biochemical characteristics of the seven mammalian topoisomerases are shown. DNA topoisomerase 1 (TOP1), mitochondrial TOP1 (TOP1mt), TOP3α and TOP3β are type I topoisomerases, which cleave a single DNA strand, whereas TOP2α, TOP2β and the meiotic recombination protein SPO11 are type II topoisomerases, which create a DNA double-strand break. SPO11 is specifically active during meiosis and is only expressed in germ cells. Each topoisomerase has unique biologic functions, which are reflected in the diversity of phenotypes that occur when a particular enzyme is inactivated in mice. Schematics illustrate the structure of the primary amino-acid (aa) sequence of the topoisomerases, highlighting enzyme-specific motifs.
Identities of individual topoisomerase motifs are listed in the lower panel. Similar motifs are present in related topoisomerases; for example, TOP1 and TOP1mt are highly conserved, whereas TOP2α and TOP2β have similar functionalities in the amino terminus, including the ATPase and ATPbinding domains, but diverge at the carboxyl terminus. Motifs were determined based on a BLAST search of the primary amino-acid sequence for the human enzyme at the NCBI database; a zinc finger domain is present in TOP3α but is absent in TOP3β. Despite possessing a similar primary structure, at the amino-acid level, TOP3 isoforms are only 37% identical, whereas TOP1 isoforms and TOP2 isoforms are 71% and 69% identical, respectively. mtDNA, mitochondrial DNA. An initial indication of the importance of topoisomerase function in the murine nervous system was the observation that germline inactivation of Top2b led to perinatal death 32 . This resulted from an inability of newborn Top2b −/− mice to breathe owing to diaphragm-innervation defects, although widespread defects throughout the nervous system were also observed 32, 48 . Further studies showed that mice carrying a conditional Top2b allele, in which gene deletion was driven by Cre-Foxg1 to primarily target cortical structures, have lamination defects and broad disruption of neurogenesis 48 . Similar to germline Top2b inactivation, deletion of Top2b specifically in the mouse brain led to perinatal lethality, indicating that the demise of Top2b −/− mice is due to specific disruption of TOP2β function in the nervous system. TOP1 is also required in postmitotic neurons 23, 46, 49 and in replicating cells, as its inactivation in the germ line is lethal very early during development 22 . TOP1 is widely expressed throughout the nervous system, with high relative activity in various cortical one-third of all developmentally relevant transcripts were altered, including genes that are crucial for neurogenesis and neural differentiation.
Analysis of Top2b −/− embryonic stem cells showed normal growth, proliferation and differentiation into neural progenitors, although at terminal differentiation the neurons underwent apoptosis 53 . Similarly, apoptosis occurred in differentiating cortical neurons in the embryonic nervous system of Top2b-knockout mice and was associated with decreased expression of genes that are important for neurogenesis 53 . Thus, TOP2β-mediated regulation of transcription seems to be largely dispensable during cellular proliferation but important after differentiation. TOP2β binding to gene promoters was associated with histone H3 dimethylation at lysine 4, which influenced the expression of the genes to which it was bound, including the neurotrophin receptor p75 NTR (REF. 53 ). As p75 NTR can regulate neuronal survival, it was suggested that deregulation of this gene may lead to apoptosis of Top2b −/− cortical neurons.
areas and in the cerebellum [49] [50] [51] . Furthermore, immunolocalization studies suggest that there are higher protein levels of TOP1 in some inhibitory neurons than in non-inhibitory neurons 50 . It was also reported that TOP1 activity in the brain varies between genders, as male mice, but not female mice, typically showed an age-dependent decline in brain TOP1 activity 50 . Topoisomerase activity can also be regulated by neurotransmitter signalling, as glutamate can inhibit TOP1 activity in the mouse cerebellum 52 .
Regulation of developmental neural gene
−/− mouse embryos at mid-to late gestation, expression of only a small fraction of genes (less than 3%) was altered 24 . However, although there was only a modest reduction in overall gene expression, nearly Figure 2 | Topoisomerase function. a | Topoisomerases generate a transient single-or double-strand break in DNA to relieve torsional stress. DNA topoisomerase 1 (TOP1), a type I topoisomerase, creates a single-strand break in one strand of the DNA and passes the other strand through the nick, before resealing the break. TOP2, a type II topoisomerase, creates a DNA double-strand break and passes another duplex DNA (shown in red) through the break, releasing the strand from the enzyme, before resealing. The strand-cleavage reaction mediated by TOP2 uses ATP hydrolysis for energy, whereas TOP1-mediated strand nicking does not require an energy source 5, 8 . b | Topoisomerase activities are transient and are normally not detected as DNA damage. However, if a topoisomerase encounters DNA damage (red circle), this can cause abortive activity, resulting in a topoisomerase cleavage complex (TOP1cc) that is covalently attached to the DNA and is detected as DNA damage. To remove this complex, the proteasome degrades the topoisomerase, leaving a peptide fragment, which is a substrate for tyrosyl-DNA phosphodiesterase 1 (TDP1), in the case of TOP1. After TDP1-mediated processing, the DNA single-strand break is repaired via a base excision-repair mechanism. c | In the case of abortive topoisomerase activity, TDP1 and TDP2 cleave TOP1-or TOP2-DNA adducts, respectively, which reside at either the 3ʹ (TOP1) or 5ʹ (TOP2) terminus. TDP1 achieves this through a nucleophilic attack by an active-site histidine, whereas TDP2 performs hydrolytic cleavage of the phosphodiester bond through an asparagine residue 38, 40 . Parts a and b are adapted with permission from REF. 5 .
In Top2b
−/− mouse embryos, analysis of retinal development around mid-gestation showed little perturbation, indicating that loss of Top2b did not strongly affect early retinogenesis. To determine TOP2β function at later stages of retinogenesis (and to bypass the perinatal lethality of Top2b −/− mice), Top2b deletion was targeted to retinal progenitors via Dkk3-Cre (which deletes Top2b in the retina commencing at embryonic day 10). In these mice, Top2b-deficient retinas showed pronounced lamination defects and neurodegeneration, as differentiation commenced postnatally 54 . These effects occurred despite the fact that all retinal cell types (including photoreceptors and horizontal, amacrine and bipolar cells) were formed before degeneration, indicating that TOP2β has an essential role in the survival and maintenance of differentiated retinal cells. Collectively, these data suggest a key role for TOP2β in maintaining differentiation, indicating that this topoisomerase is pivotal for integrating neural function. Additional analyses of TOP2β function in other neural compartments are warranted to more fully delineate the contribution of TOP2β function to neural homeostasis.
Regulation of activity-dependent gene expression.
Recently, it has been reported that TOP2β contributes to activity-dependent gene expression in the brain through the generation of DNA double-strand breaks, which activate the DNA-damage signalling pathway 25, 55, 56 . It was shown that TOP2β-induced expression of immediate early genes was associated with the formation of DNA double-strand breaks that activate phosphorylation of serine 139 on histone H2AX (a variant of histone H2A), forming γH2AX (a characteristic event reflecting DNA damage). Given that topoisomerases typically create transient breaks that are not characterized as a form of DNA damage (that is, they are not associated with γH2AX formation), this particular role during neural gene activation implies a non-canonical mode of topoisomerase activity. An earlier study also reported that, in MCF7 cells (a breast cancer cell line), ligand-dependent gene expression requires TOP2β activity and is associated with the generation of DNA double-strand breaks and activation of the DNA-damage pathway 56 . A similar mechanism has been suggested for TOP1: TOP1-mediated DNA nicking was shown to activate gene expression by relieving torsional stress at enhancers and activating the synthesis of enhancer RNAs to compensate for the defective maternal allele 62 . TOP1 inhibition stabilizes R loops (which are typically repressed by topoisomerases) within the paternal Snord116 locus, which blocks transcription of an antisense Ube3a transcript that normally inhibits paternal Ube3a expression 63 . Thus, therapeutic manipulation of topoisomerase activity provides a potential approach for the treatment of these seemingly intractable neurologic syndromes. Of course, the collateral impact of topoisomerase inhibition on neural function will require evaluation before these approaches can be considered.
Neurologic disease and topoisomerases
A clear demonstration of the need for topoisomerase activity in the brain has come from inherited human syndromes (TABLE 1) that result from mutations in genes related to topoisomerase function [15] [16] [17] [18] . Although these syndromes result from germline mutations, they seem to exclusively affect the nervous system, a scenario akin to other inherited genome instability-related syndromes 16 . In the case of TOP1 and TOP2, neurologic diseases arise when the enzymes that are required for the resolution of aberrant topoisomerase activity are defective (FIG. 2) rather than direct mutations of the topoisomerases themselves are involved 15, 17 . However, direct TOP3B mutations have been identified in individuals with schizophrenia and cognitive impairment 18 . TOP1, TOP2 and neuropathology. Evidence suggesting that TOP1 regulation is crucial in the nervous system came from the finding that TDP1 mutations cause spinocerebellar ataxia with axonal neuropathy 1 (SCAN1) 15 . As outlined above, TDP1 cleaves the peptide-DNA linkage at the site of a stalled TOP1, which allows for DNA repair and continuation of transcription 38 . Given that TDP1 is a repair factor for multiple types of damage at DNA 3ʹ termini 39, 43 , it is possible that other types of DNA damage might also contribute to SCAN1 neuropathology. However, an inherited inactivating mutation in the gene encoding TDP2, the only known function of which is to cleave TOP2 trapped on DNA 42, 44 , was also found to result in a neurologic disease characterized by seizures and intellectual disability 17 . Thus, aberrant TOP2 activity resulting in disruption of transcription seems to be an underlying cause of this neuropathology, suggesting that abortive TOP1 activity arising from defective TDP1 may have a similarly important role in SCAN1 pathogenesis.
(non-coding transcripts derived from gene enhancers that correlate with gene activity 57 ) through a mechanism that also involves the DNA-damage response 58 .
Regulation of neural long-gene expression.
Recent findings have indicated a particular need for TOP1 activity in the normal transcription of long genes (those greater than 100 kb in length) in the nervous system 23, 46, 49 . Specific inhibitors of TOP1, such as topotecan, were shown to selectively reduce the expression of long genes, including many genes that are associated with synaptic function and have been linked to autism 23, 59 . Notably, TOP2 inhibitors, such as etoposide, were also found to reduce the expression of long genes, indicating that multiple topoisomerases influence the expression of this class of genes 23 . For instance, in the embryonic cortex of Top2b −/− mice, expression of the Cajal-Retzius protein reelin was markedly decreased, accounting for migration defects in the mutant embryonic brain 48 . These data suggest a specific requirement for topoisomerases in the regulation of the expression of neural long genes, especially those involved in synaptic function. More broadly, these findings suggest a mechanism through which agents that inhibit topoisomerase function, or that cause DNA damage (by trapping the topoisomerase on DNA), may influence the pathological features of various neurologic syndromes.
The importance of topoisomerases for the expression of neural long genes might potentially be leveraged to ameliorate human neurologic conditions. Methyl-CpG-binding protein 2 (MeCP2) is a methyl-binding transcriptional regulator, and its absence causes Rett syndrome. Loss of Mecp2 results in an inappropriate increase in the expression of neural long genes, which may contribute to the disruption of normal synaptic function in Rett syndrome 60, 61 . TOP1 inhibition has been shown to restore the expression of neural long genes to normal levels in Mecp2 −/− mice, demonstrating that, at least in principle, this strategy could be beneficial in the treatment of Rett syndrome 60 . Topoisomerase inhibition has also been shown to modulate important neurocognitive functions in other neurologic disorders. Angelman syndrome is a severe neurodevelopmental disease that results from disruption of the maternal allele of the ubiquitin-protein ligase E3A (UBE3A). Topoisomerase inhibitors were identified in a screen for compounds that could activate the paternal Ube3a allele (which is epigenetically silenced in neurons)
Topoisomerases have also been identified as potential aetiological agents in other neurodegenerative syndromes, such as ataxia telangiectasia 64 ; this disease results from a mutation in the gene encoding the DNA damage-response kinase ATM (ataxia telangiectasia mutated). Increased trapping of TOP1, resulting in elevated DNA damage, was identified in mouse brain tissue lacking Atm and was shown to result from defective ATM-dependent TOP1 turnover 51 . This was also the situation in brain tissue from mice harbouring mutations in various components of the base excision-repair machinery 51 . DNA lesions resulting from repair defects in this pathway caused the trapping of topoisomerases 9, 51 . Thus, general genome damage may indirectly perturb topoisomerase function.
TOP3β, schizophrenia and autism. As outlined above, diseases associated with TOP1 and TOP2 occur as a result of mutations in the genes encoding the enzymes that are required to correct the aberrant activity of these topoisomerases. However, direct inactivation of TOP3B occurs in cases of familial schizophrenia 18 . By taking advantage of the genetic homogeneity present in Finnish populations, it was found that some individuals with an increased risk of schizophrenia and intellectual disability had lost a single copy of TOP3B 18 . Additionally, homozygous loss of TOP3B was identified in four individuals with intellectual impairment, and two of these individuals were also diagnosed with schizophrenia.
As described above, TOP3β is a type I DNA topoisomerase, but was recently shown to also possess RNA topoisomerase TDRD3 acts as a scaffold that functionally integrates TOP3β and FMRP. This complex also localizes to polyribosomes and stress granules, suggesting a role alongside FMRP for TOP3β in protein translation 19 . Importantly, the endogenous TOP3β-TDRD3-FMRP complex has been identified in the mouse brain 19 . Given that disease-causing FMR1 mutations disrupt the interaction of FMRP with TOP3β and TDRD3, it is likely that this complex acts to ensure correct mRNA translation. Furthermore, in Drosophila melanogaster, Top3b mutations led to abnormal neuromuscular junctions or alterations of the rough-eye phenotype, effects similar to those observed when Fmr1 was mutated or overexpressed 19 . Therefore, TOP3β potentially modulates RNA processes at both the transcriptional and translational level.
Given the striking link between specific loss of TOP3B in some individuals with schizophrenia and the interactions of TOP3β with FRMP and RNA, this topoisomerase may be a potent modulator of translational control in the brain and, therefore, an important determinant for neurocognitive homeostasis. However, it is important to note that TOP3β is a DNA topoisomerase 71 (although substantial amounts of TOP3β are localized to the cytoplasm 18, 19 ), and whether the phenotypes associated with TOP3B loss arise solely from perturbation of RNA function remains a matter of speculation. If an RNA substrate is the key determinant of neuropathology after disruption of TOP3β function, then what is the role for TOP3β in DNA transactions? Nonetheless, these stimulating new findings broaden the known functional repertoire of activity 18, 19 . TOP3β was found to bind RNA, to interact with RNA-binding proteins, and to associate with polyribosomes and RNA stress granules 18, 19 . Notably, TOP3β (but not TOP3α) was also shown to directly catalyse topoisomerase activity on RNA, and a point mutation that inactivates DNA topoisomerase activity also abolished RNA topoisomerase activity 19 . TOP3β also bound multiple mRNAs that are encoded by genes linked to schizophrenia and autism 18 . Although TOP3β is clearly important in the nervous system, the aspects of RNA function that require its activity remain uncertain. Recently, many novel facets of RNA biology have been uncovered, and multiple new forms of functionally important RNAs have been identified [65] [66] [67] . Among these, some forms may require topological modulation, such as higher order structures in mRNA. Furthermore, in the case of circular RNA, torsional constraints may occur.
Biochemically, TOP3β interacts with the amino-terminal region of the tudor domain-containing protein 3 (TDRD3), a transcriptional co-activator. Fragile X mental retardation protein (FMRP; encoded by FMR1) can also bind TDRD3 at the carboxyl terminus 19, 68 . Fragile X is the most common inherited cause of intellectual disability and autism and usually results from loss (via trinucleotide CGG-repeat expansion) of the gene encoding FMRP, which functions at many synapses to inhibit translation stimulated by metabotropic glutamate receptors 69 . Recruitment of TOP3β to transcribed genes occurs through the binding of TDRD3 to methylated arginine residues in proteins such as histones 68, 70 . Thus, topoisomerases and point to an increasing range of general neural processes requiring these enzymes.
Conclusions and perspective
Topoisomerases are crucial enzymes for many fundamental aspects of neural function. Their primary functions -to cleave DNA strands in order to provide torsional-stress relief or to untangle replicating DNA -provide essential cellular controls during replication and transcription. In the case of TOP3β, the topoisomerase activity involving RNA may be a key function in the nervous system. The connection between TOP3B loss in schizophrenia 18 and the role of TOP1 in regulating the expression of long genes linked to autism spectrum disorder 23 underscores a dynamic interplay between these enzymes in the maintenance of synaptic function.
Disease-associated defects in topoisomerase activity mostly affect the nervous system, thus raising the following question: what particular lesion is responsible for cellular demise in the absence of normal topoisomerase function? Faulty topoisomerase function is likely to have a more prominent impact during neurogenesis than in the mature brain. DNA replication is a driving force during neurogenesis, and therefore replication fork-associated DNA-strand breaks are most detrimental to the developing nervous system 16 . However, the known neurologic diseases that are associated with defective topoisomerase function develop after completion of neurodevelopment, suggesting that perturbation of neurogenesis is not linked to disease aetiology. In comparison, the high transcriptional activity of the mature brain, together with the high oxidative metabolism and the associated generation of free radicals, causes frequent DNA-strand breaks 16, 39 . These DNA-strand breaks can, in turn, trap topoisomerase on DNA, resulting in DNA-damage accumulation 9 . During transcription, topoisomerases prevent genome instability by restraining the formation of R loops, which can lead to genomic damage and cell death 68, [72] [73] [74] . TOP3β might regulate the topology of circular RNAs, which have been suggested to act as a 'sink' for microRNAs and thus to regulate mRNA translation 66 . Recently, TOP1 was identified as a key component of the host response against pathogens, including inflammatory gene expression 75 , suggesting that topoisomerases might be important components of the neuro inflammatory response.
